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ABSTRACT 

Holman,  R.  J.,  MSCE,  Purdue  University,  May  1977.  Development  of  an 
Instrumentation  Program  for  Studying  Behavior  of  a  Segmental  Concrete 
Box  Girder  Bridge.  Major  Professors:  M.  J.  Gutzwiller  and  R.  H.  Lee. 

An  instrumentation  scheme  is  developed  for  monitoring  structural 
response  of  the  Turkey  Run  segmental  box  girder  bridge.  Instrumentation 
is  specified  and  analytic  models  are  described  which  will  be  correlated 
with  behavior  of  the  actual  structure  in  the  second  phase  of  the  project. 

Strain  gages  are  placed  on  reinforcement  bars  and  concrete  at  sel- 
ected segment  sections  to  monitor  transverse  moment  tractions.  Trac- 
tions will  be  monitored  under  pre-specified  truck  loads.  The  same  truck 
loads  are  used  in  a  finite  element  analysis  and  an  influence  surface 
analysis  of  transverse  bending.  Empirical  results  will  be  compared 
with  those  of  the  finite  element  analysis  in  order  to  check  the  accuracy 
of  the  computer  program  used  by  the  Indiana  State  Highway  Commission 
and  to  check  assumptions  of  the  analytic  models. 

Thermal  response  of  box  girders  is  an  important  design  considera- 
tion, yet  little  information  is  available.  Thermistors  are  placed  in 
the  Turkey  Run  bridge  to  determine  the  magnitudes  of  thermal  gradients 
and  to  determine  the  daily  and  seasonal  variation  of  thermal  gradients. 

Finally,  long-term  deformations  are  important  in  any  concrete 
structure.  Implants  are  attached  near  the  pier  segment  in  order  to 
monitor  long-term  creep  rotations  with  mechanical  strain  gages.  This 
will  help  determine  the  significance  of  moment  re-distribution  resulting 


XI 


from  creep  rotations  in  this  precast  structure. 

The  instrumentation  scheme  is  designed  to  minimize  errors  during 
testing  and  to  provide  a  systematic  organization  of  testing  procedures 
and  data  evaluation. 


CHAPTER  I 
INTRODUCTION 


1.1  General 


Segmental  bridge  construction  began  with  the  construction  of  a 
small  county  road  bridge  in  New  York  State  in  1952.  Ten  years  later 
the  first  major  segmental  structure  was  built  in  France  over  the  Seine 
River  south  of  Paris.  Since  1962  the  precast  segmental  construction 
process  has  grown  steadily  in  Europe  and  continues  to  gain  popularity. 
The  construction  of  segmental  bridges  in  the  United  States  has  only 
gained  impetus  in  the  last  few  years  but  promises  to  be  an  effective 
and  economic  alternative  for  medium  and  long-span  bridges  in  the  future, 
The  first  precast  prestressed  segmental  box  girder  bridge  in  the  United 
States  was  completed  at  Corpus  Christi,  Texas  in  1973.  Since  then  five 
other  bridges  have  been  constructed  nationwide  and  others  are  now  in 
the  planning  phase. 

The  reason  for  the  increasing  popularity  of  segmental  bridges  is 
the  advantage  of  precast  segmental  construction  over  cast-in-place 
construction.  Precasting  under  factory  conditions  allows  for  better 
quality  control  and  mass  production  economies.  The  construction 
techniques  applicable  to  segmental  bridges,  the  cantilever  method  for 
example,  allow  speedier  construction  and  more  efficient  use  of  labor 
and  materials.  These  reasons  along  with  the  structural  efficiency  of 
segmental  box  girders  make  the  method  an  attractive  alternative  to 
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Figure  1.  Segments  for  Turkey  Run  Bridge 


Figure  2.  Completed  Parke  County  Segmental  Bridge 


cast-in-place  structures. 

Precast  segmental  box  qirder  bridges  will  continue  to  gain  popu- 
larity as  a  design  alternate  among  State  and  Federal  highway  agencies. 
Indiana  has  been  at  the  forefront  in  the  deve' opment  and  application  of 
segmental  construction.  With  the  increasing  use  of  this  structural 
system  it  is  desirable  and  necessary  to  be  able  to  better  predict  the 
behavior  of  segmental  box  girders  on  both  a  short-term  and  long-term 
basis.  The  gathering  and  evaluation  of  research  data  will  allow  a 
more  accurate  and  efficient  design.  The  purpose  of  this  phase  of  the 
project  was  to  devise  and  implement  an  instrumentation  scheme  for  the 
Turkey  Run  segmental  bridge  in  Parke  County.  The  instrumentation  pro- 
gram will  permit  acquisition  of  data  which  can  be  used  to  check  exist- 
ing design  and  analysis  methods  and  the  gathering  of  short-term  and 
long-term  data  which  can  be  used  to  better  predict  behavior. 

1 .2  Construction  Procedure 

The  Turkey  Run  bridge  segments  are  cast  by  the  short-line  method. 
This  method  involves  casting  each  segment  in  an  adjustable  metal  form. 
The  segment  is  match-cast  against  the  preceding  segment  to  insure  a 
perfect  fit  of  joints.  Figures  3  and  4  show  the  formwork  and  the 
reinforcement  cage  for  a  segment.  The  cages  are  assembled  prior  to 
being  placed  in  the  form.  Post-tensioning  ducts  are  positioned  during 
cage  assembly.  Once  the  cage  is  secured  in  the  form  the  matching 
segment  is  placed  next  to  the  form  as  shown  in  Figure  5.  A  bulkhead 
is  used  to  close  the  opposing  side  of  the  form.  This  procedure  is  then 
repeated  while  cast  segments  are  stockpiled  (see  Figure  6)  until  time  of 
erection. 
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Figure  3.  Segment  Formwork 
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Figure  4.  Reinforcement  Cage 


Figure  5.  Match  Casting 


Figure  6.  Stockpiled  Segments 


After  a  span  is  cast  the  segments  are  trucked  to  the  construction 
site  for  erection.  The  Turkey  Run  bridge  will  be  erected  by  the  canti- 
lever method.  Figures  7  and  8  are  photographs  taken  of  the  recently 
completed  Parke  County  bridge.  Figure  7  shows  segments  cantilevered 
from  the  central  pier.  Segments  are  lifted  into  place  and  then  tempor- 
arily post-tensioned  against  the  preceding  segment.  This  holds  the 
segment  in  place  while  the  epoxy  joint  filler  cures.  The  epoxy  is  placed 
on  joint  faces  to  lubricate  the  joint  during  placement  and  to  make  the 
joint  moisture  resistant.  Segments  are  cantilevered  from  both  sides 
of  the  pier  simultaneously  to  insure  stability  of  the  balanced  canti- 
lever. While  two  opposing  segments  are  temporarily  secured  tendons  are 
threaded  through  the  post-tensioning  ducts.  The  tendons  are  anchored 
in  steps  as  the  span  progresses.  After  cantilever  spans  are  completed 
from  two  adjacent  piers  the  spans  are  connected  by  a  cast-in-place 
segment  as  shown  in  Figure  8.  References  listed  at  the  end  of  the 
report  contain  more  detailed  descriptions  of  the  cantilever  construc- 
tion procedure. 

1 .3  Review  of  Previous  Research 

Previous  research  on  segmental  bridges  can  generally  be  divided 
into  two  categories:  (1)  short-term  investigations,  (2)  long-term 
investigations. 

Short-term  investigations  have  been  concerned  with  verifying  struc- 
tural response  as  predicted  by  available  analytic  methods.  The  Univer- 
sity of  Texas  in  cooperation  with  the  Texas  Highway  Department  carried 
out  extensive  tests  on  a  1 /6th  scale  model  of  the  Corpus  Christi  bridge 
prior  to  construction.  The  main  purpose  of  this  research  was  to  compare 


Figure  7.  Cantilevered  Erection 


Figure  8.  Cast-in-Place  Segment 


observed  stresses  with  those  predicted  by  analysis  and  to  verify  the 
validity  of  the  assumptions  used  in  design  by  observing  behavior  at 
ultimate  load.  Similar  projects  have  been  conducted  in  Europe  and  Japan. 
Limited  research  has  been  conducted  on  the  effects  of  thermal  loading 
on  segmental  bridges.  It  has  been  found  that  in  continuous  bridges  the 
alteration  of  dead  load  moment  distribution  by  temperature  gradients 
is  significant  and  should  be  accounted  for,  especially  in  determining 
prestress  levels.  Also,  researchers  in  France  have  found  that  the 
temperature  gradient  effect  must  be  considered  when  evaluating  long- 
term  behavior  data  in  order  to  obtain  valid  results. 

Investigations  of  long-term  behavior  have  mainly  been  conducted 
in  Europe.  Since  segmental  box  girder  bridges  have  only  been  completed 
in  the  United  States  within  the  past  three  years,  limited  data  has  been 
collected  on  long-term  behavior.  European  research  has  been  concerned 
with  the  redistribution  of  moments  in  continuous  structures  caused  by 
the  combined  effects  of  creep,  shrinkage  and  loss  of  prestress.  In- 
strumentation of  the  Champigny-Sur-Yonne  bridge  in  France  has  shown 
that  the  final  stresses  in  the  completed  structure  are  significantly 
different  from  the  initial  stresses  immediately  following  construction. 
This  phenomenon  is  of  course  produced  by  the  time  dependent  deformations 
caused  by  creep,  shrinkage,  and  prestress  loss. 

Most  information  used  for  the  analysis  and  design  of  segmental  box 
girder  bridges  has  previously  been  obtained  from  theory  or  model  test. 
In  order  to  refine  the  methodology  of  segmental  bridge  design  and  con- 
struction, it  is  desirable  to  obtain  short-term  and  long-term  data  on 
the  behavior  of  actual  structures.  This  data  may  be  used  to  improve 


the  design  as  well  as  to  better  predict  behavior  during  and  subsequent 
to  construction.  Future  research  should  be  aimed  at  correlating  design 
assumptions  with  actual  structural  behavior  as  determined  from  instru- 
mentation of  actual  structures. 

1 .4  Scope  of  Project 

The  instrumentation  of  the  Turkey  Run  segmental  bridge  will  provide 
information  on  transverse  bending  tractions  in  the  box  beam  cross-section, 
thermal  gradients  within  the  girder,  and  long-term  creep  deformations 
after  erection.  Transverse  moments  will  be  monitored  by  strain  gage 
installations  on  transverse  reinforcement.  The  moment  data  obtained  for 
pre-specified  load  positions  will  be  compared  to  data  from  two  types  of 
elastic  analyses.  Thermal  gradients  have  a  significant  effect  on 
structural  response.  It  is  desirable  for  the  designer  to  know  the 
magnitudes  of  thermal  gradients  and  the  variation  of  gradients  with  time. 
The  Turkey  Run  bridge  will  be  instrumented  with  thermistors  which  will 
allow  thermal  gradients  to  be  monitored  at  any  time  during  the  life  of 
the  structure.  Creep  rotations  at  continuous  supports  can  cause  sig- 
nificant re-distribution  of  longitudinal  moments.  Mechanical  strain 
gages  will  be  used  to  measure  creep  rotations  at  the  pier  support  sec- 
tion of  the  Turkey  Run  bridge.  This  instrumentation  will  help  determine 
if  creep  deformations  are  significant  in  this  precast  structure. 

Due  to  scheduling  of  construction  of  the  Turkey  Run  bridge  it  is 
necessary  that  the  instrumentation  program  be  carried  out  in  two  phases. 
This  report  describes  work  done  in  phase  one  of  the  project.  The  objec- 
tives of  phase  one  are  as  follows:  (1)  devise  an  instrumentation  scheme 
for  objectives  mentioned  above,  (2)  acquire  necessary  materials  and 
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install  as  much  of  the  instrumentation  as  time  allows,  (3)  develop  an 
analytic  base  by  gathering  analysis  data  for  the  pre-specified  loadings 
with  analytic  techniques  used  by  the  Indiana  State  Highway  Commission 
and  industry.  Phase  two  of  the  project  will  involve  consummation  of 
item  two  above  and  the  actual  gathering  of  data  as  outlined  in  this 
report. 
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CHAPTER  II 
TRANSVERSE  BENDING 

2.1   Introduction 

In  conventional  concrete  bridges  such  as  concrete  deck  girders 
the  effect  of  transverse  distortions  of  the  deck  and  girder  unit  is  of 
little  importance  except  in  designing  the  deck  for  transverse  moments. 
Wheel  loads  in  conventional  deck  qirder  bridges  are  delivered  to 
multiple  girders  directly  and  by  slab  action.  Each  girder  behaves 
independently  in  the  transverse  direction  with  the  only  carry-over 
distortions  resulting  from  continuous  slab  action.  In  contrast 
segmental  box  girders  behave  as  tubular  members  with  high  torsional 
and  transverse  stiffness.  Box  girders  may  have  as  few  as  two  webs 
with  a  large  slab  span  between  webs.  As  a  result  torsional  resistance 
and  transverse  stiffness  are  required  for  load  transfer  into  the  webs 
and  supports.  Significant  transverse  stresses  may  occur  in  the  webs 
as  well  as  the  top  and  bottom  slabs  of  the  segment.  Examples  of 
distorted  cross-sections  are  shown  below.  An  accurate  prediction  of 
the  magnitude  of  transverse  stresses  is  necessary  for  proportioning 
of  members  and  determining  the  necessary  transverse  reinforcement. 

Box  girder  bridges  with  single  box  cross-sections  have  fillets 
at  the  slab  web  connections  and  reinforcement  through  the  connection, 
providing  moment  continuity  around  the  section.  The  Turkey  Run  bridge 
has  a  twin  box  cross-section  and  thus  behaves  quite  differently  from 


12 


Symmetric  Loading 


> 

» 

\ 

' 

"1 
1 
\ 

1 

\                                                                                                              1 
1 

1 

1 

1 

Figure  9, 


Torsional  Loading 
Cross-section  Distortion  Under  Different  Loadings 


a  single  section  bridge.  The  twin  boxes  are  cantilevered  independently. 
After  making  the  continuity  splice  in  both  spans  a  cast-in-place 
longitudinal  joint  connects  the  two  boxes.   (See  Figure  10.)  Assuming 
the  joint  provides  total  moment  continuity  the  structural  response  of 
one  section  is  significantly  affected  by  the  loading  condition  on  the 
adjacent  box  section.  A  truck  loading  over  one  box  will  produce  a 
sinnificantly  larger  deflection  in  the  loaded  span  than  in  the  parallel 
girder,  thus  causing  a  relative  vertical  displacement  of  the  twin  boxes. 
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Figure  10.  Twin  Box  Cross-section 
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This  action  causes  a  transverse  moment  transfer  between  the  boxes  due 
to  the  lateral  stiffness  of  the  connecting  slab  and  cast-in-place  joint. 
Also,  as  a  result  of  asymmetry  of  loading  the  two  boxes  will  rotate 
relative  to  one  another,  again  causing  transverse  moment  interaction. 
(See  Figure  11.)  Both  factors  rely  on  the  continuity  of  the  cast-in- 
place  longitudinal  joint  for  transfer  of  moment.  As  seen  in  detail 
in  Figure  12,  the  bar  lap  splice  provides  continuity  of  bond  between 
connecting  reinforcement  of  the  twin  boxes.  The  question  remains  as 
to  whether  the  cold  joint  and  lap  splice  provide  full  moment  continuity. 

It  is  generally  assumed  that  continuity  exists  in  multiple  box 
girder  cross-sections.  As  a  result  a  conventional  elastic  analysis 
technique  can  be  utilized  to  determine  design  tractions  in  the  trans- 
verse as  well  as  longitudinal  directions,  treating  the  twin  boxes  as 
a  single  system.  However,  due  to  the  complexity  of  the  box  girder 
system  and  variable  boundary  conditions  induced  by  internal  diaphragms 
and  support  conditions,  the  analysis  usually  involves  approximations. 
The  analytic  approximation  may  be  based  on  behavioral  assumptions  or 
numerical  solutions  of  exact  elastic  equations.  The  more  popular 
methods  of  analysis  include  the  finite  element  method,  the  finite  strip 
method,  folded  plate  theory,  and  others.  These  methods  model  three 
dimensional  plate  action  as  well  as  in-plane  membrane  response.  The 
distinct  advantage  of  the  above  analysis  techniques  is  that  they 
simultaneously  model  overall  structural  response  and  localized  effects 
such  as  transverse  bending.  Analysis  methods  using  a  modified  frame 
analysis  in  conjunction  with  influence  surfaces  can  be  used  to  determine 
transverse  moments  but  must  be  augmented  by  beam  theory  to  determine 
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longitudinal  effects.  The  finite  element  analysis  similar  to  that  used 
on  the  Turkey  Run  bridge  and  the  modified  frame  method  will  be  discussed 
in  detail  later. 

As  noted  earlier  the  above  elastic  analysis  methods  are  approximate 
from  a  mathematical  viewpoint,  but  they  are  also  approximate  from  a 
physical  viewpoint.  The  methods  do  not  account  for  the  presence  of 
reinforcement  but  rather  assume  the  structure  to  be  homogeneous. 
Effects  such  as  localized  crackinq  and  non-linear  material  properties 
are  also  neglected.  Nevertheless,  past  engineering  experience  has 
shown  elastic  analysis  methods  to  be  acceptable  approximations  to 
actual  behavior.  The  purpose  of  the  transverse  bending  instrumentation 
of  the  Turkey  Run  bridge  is  to  provide  a  physical  check  of  tractions  in 
the  prototype  structure.  Once  data  is  collected,  the  measured  tractions 
will  be  compared  with  those  determined  from  the  finite  element  analysis 
and  the  modified  frame  analysis  detailed  in  this  report.  This  should 
provide  valuable  data  to  design  engineers  involved  with  segmental 
bridge  analysis  and  design. 

2.2  Proposed  Testing  Scheme 

One  of  the  main  objectives  of  this  report  is  to  provide  detailed 
analytic  stress  data  which  will  later  be  compared  to  observed  stresses 
obtained  during  the  testing  program.  Of  course  it  is  necessary  to 
know  structural  loadings,  load  positions,  and  load  distributions  before 
such  an  analysis  can  be  made.  The  detailed  drawings  of  Figures  13 
through  18  present  proposed  test  truck  loadings,  longitudinal  positions, 
transverse  positions,  and  axle  spacings.  These  hypothetical  loading 
schemes  were  used  in  the  finite  element  analysis  described  later  in  the 
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report.  Although  the  analysis  provides  concise  detailed  data  the  prob- 
lem of  reproducing  the  exact  hypothetical  loading  in  the  field  is 
quite  difficult.  If  one  wishes  to  correlate  theoretical  and  actual 
behavior,  variations  in  the  analytic  model  and  prototype  structure 
must  be  minimized.  Proposed  test  loads  and  positions  were  chosen  in 
a  fashion  to  require  minimal  corrections  to  analytic  data. 

Figure  13  details  the  axle  loads  and  spacings  of  the  tandem  test 
truck.  These  axle  spacings  are  standardized  and  should  cause  no  con- 
flicts since  the  same  spacings  were  used  in  the  finite  element  analysis. 
The  reference  positioning  points  are  located  on  the  left  and  right 
midway  between  the  front  and  rear  tandem  axles.  The  axle  loads  shown 
in  Figure  13  are  hypothetical  and  therefore  would  be  difficult  if  not 
impossible  to  exactly  reproduce  in  the  field.  The  given  axle  loads 
are  based  on  truck  weight  data  from  a  previous  JHRP  project.  The 
front  and  rear  axle  loads  represent  an  approximate  lower  range  of 
actual  truck  weights  from  a  bridge  deck  testing  project  conducted  by 
the  Purdue  staff.  The  ratio  of  front  to  rear  axle  loads  is  exactly 
0.40.  (See  Reference  18.)  This  is  the  mean  ratio  determined  from 
data  of  the  above  mentioned  project.  Once  the  instrumentation  is 
installed  and  testing  begins,  the  test  truck  should  approximate  the 
above  specifications  as  closely  as  possible.  For  example,  if  sand 
is  used  to  load  the  test  truck  the  front  and  rear  axle  load  distri- 
bution can  be  manually  altered  by  hand  shoveling  until  the  ratio  is  near 
0.40.  Also,  the  magnitudes  of  axle  loads  should  be  within  an  acceptable 
range  of  the  hypothetical  loads.  It  is  not  critical  that  the  magnitudes 
■be  exact.  Since  the  structure  is  assumed  to  be  linearly  elastic  for 
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analysis  purposes,  the  tractions  predicted  by  the  finite  element 
analysis  can  be  proportioned  linearly  according  to  the  variation  of 
actual  truck  weights  to  theoretical  truck  weights.  This  correction 
should  be  adequate  as  long  as  the  front  to  rear  axle  weight  ratio  is 
near  0.40. 

Figure  14  illustrates  the  longitudinal  test  truck  positions 
proposed  for  the  testing  program.  Positioning  points  will  be  located 
longitudinally  over  segments  24,  12,  3,  2,  and  25  respectively.  The 
segment  numbering  scheme  corresponds  to  that  shown  on  the  plan  sheets 
of  Appendix  D.  Test  sections  near  segments  24  and  25  represent 
points  of  maximum  relative  vertical  displacement  of  the  twin  boxes. 
This  condition  should  produce  maximum  cross-sectional  distortion  and 
thus  will  cause  a  more  pronounced  transverse  bending  interaction 
between  the  two  boxes.  Test  sections  are  located  at  segments  2  and  3 
due  to  their  proximity  to  the  central  pier.  Near  the  pier  there  is 
negligible  relative  movement  between  boxes.  As  a  result,  frame  action 
predominates  and  transverse  moments  are  more  easily  transferred  from 
one  box  to  the  other.  The  stiffness  of  the  thickened  bottom  slab 
and  the  support  provided  by  the  pier  will  cause  transverse  moments  to 
be  more  significant  at  these  sections.  The  test  position  over  segment 
12  produces  about  three-fourths  of  the  maximum  moment  and  shear  near 
the  pier  sections.  This  position  provides  a  stress  field  amenable  to 
longitudinal  stress  and  shear  lag  instrumentation.  It  should  be  noted 
that  the  longitudinal  positioning  points  do  not  exactly  concur  with  the 
location  of  the  instrumented  sections.  The  reason  for  the  deviation 
is  that  the  ideal  location  of  load  application  on  a  finite  element  does 
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not  always  agree  with  the  ideal  location  of  stress  calculations  on  the 
element.  This  situation  is  described  in  detail  in  the  section  on  the 
finite  element  analysis  of  the  Turkey  Run  bridge.  Basically,  it  is 
desirable  for  concentrated  loads  to  be  applied  at  the  nodes  of  an  ele- 
ment and  for  stresses  to  be  calculated  at  the  center  of  an  element 
side,  which  should  correspond  to  strain  gage  locations. 

Figures  15  through  18  show  the  exact  transverse  positions  of  the 
test  truck  measured  from  the  left  curb  line.  There  are  eight  trans- 
verse positions  for  each  longitudinal  test  section.  Transverse  posi- 
tions no.  1  and  no.  8  place  the  outer  wheel  at  the  outermost  extremity 
of  the  bridge  cross-section.  These  positions  should  maximize  relative 
rotational  distortions  of  the  two  boxes.  Positions  no.  2  through  no.  7 
correspond  to  rational  geometric  divisions  of  the  box  cross-section. 
As  mentioned  earlier,  it  is  desirable  for  loads  to  be  applied  at  analytic 
model  nodes.  The  transverse  positions  used  in  the  analysis  may  vary 
slightly  in  order  to  fulfill  this  requirement.  Each  of  the  eight  trans- 
verse positions  shown  have  a  symmetrical  counterpart  on  the  opposite 
side  of  the  bridge  center  line.  As  a  result,  a  finite  element  analysis 
is  only  required  for  the  first  four  positions.  Tractions  for  the  last 
four  positions  are  found  by  symmetry.  It  is  recommended  that  all  eight 
positions  be  used  in  the  testing  program.  This  will  provide  additional 
data  which  may  be  used  as  a  double  check  for  correlation  of  instrumen- 
tation results  at  symmetric  strain  gage  locations. 
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Figure  13.  Typical  Test  Truck  Axle  Spacings  and  Loads 


22 


00 

c 

O 


o 

D- 

u 

S- 


o-l 


■o 

13 


en 

c 

o 


S- 
3 
CD 


<$> 


23 


i:o-J 


6-3  — 


n  t     .       r 


TRANSVERSE        POSITION  NO.    I 


-3-3 


■6-3 —J 


_C3 


TRANSVERSE      POSITION       NO.  2 


Figure  15.     Position  Nos.   1   and  2 
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Figure  16.     Position  Nos.   3  and  4 
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CHAPTER  III 
TRANSVERSE  BENDING  ANALYSIS 

3.1  Introduction 

The  analysis  data  presented  in  this  section  are  meant  to  provide 
an  analytical  base  to  which  the  empirical  test  results  can  be  compared. 
A  structural  analysis  can  provide  information  on  structural  response 
under  actual  loading  conditions,  or  under  design  loads  which  are  pre- 
specified.  The  first  case  should  yield  stresses  which  closely 
correlate  with  behavior,  if  the  analytic  model  is  valid.  A  design  load 
analysis  generally  has  inherent  safety  factors  and  cannot  be  expected  to 
compare  favorably  with  behavior.   In  most  cases  the  computed  design 
load  stresses  would  be  higher  than  those  measured  due  to  the  conserva- 
tive nature  of  the  design  process.  The  analysis  of  transverse  bending 
tractions  in  the  Turkey  Run  bridge  was  done  using  two  independent 
methods.  The  first  method  represents  an  accepted  design  analysis 
technique  based  on  the  use  of  influence  surfaces.  The  second  analysis 
attempts  to  model  actual  behavior  mathematically  using  the  finite 
element  method.  The  finite  element  analysis  should  compare  with  actual 
stresses  within  reasonable  limits.  The  design  analysis  procedure  is 
included  to  show  the  inherent  conservatism  of  the  method  and  to  provide 
a  comparison  of  design  data  and  data  representing  actual  behavior. 

The  influence  surface  technique  was  suggested  by  a  state-of-the- 
art  paper  on  segmentally  constructed  box  girder  bridges  .  The  method 
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is  based  on  the  use  of  influence  surfaces  developed  for  plates  with 
variable  depths.  The  philosophy  behind  this  method  is  to  provide  a 
hand  technique  which  can  conveniently  be  used  in  design,  thus  elimina- 
ting the  need  for  a  computer.   If  simple  beam  theory  is  used  for 
longitudinal  moments,  the  entire  analysis  of  a  segmental  bridge  can 
be  done  by  conventional  methods  without  a  computer.  It  will  be  shown 
that  this  technique  is  quite  conservative  when  compared  to  the  finite 
element  analysis.  It  follows  that  the  influence  surface  tractions  will 
probably  be  conservative  in  reference  to  the  measured  tractions  found  in 
the  second  phase  of  this  project. 

The  finite  element  analysis  of  transverse  bending  tractions  was 

done  by  the  Indiana  State  Highway  Commission  using  a  finite  element 

2 
program  developed  specifically  for  segmental  box  girder  bridges  .  This 

program  was  used  in  the  actual  design  of  the  Turkey  Run  bridge.  For 

the  purposes  of  this  project,  the  suggested  axle  loads  and  spacings 

mentioned  earlier  were  used  in  the  analysis.  This  was  done  in  an 

attempt  to  model  actual  behavior  under  the  pre-specified  loadings  with 

the  finite  element  analysis.  This  should  provide  a  direct  check  on  the 

finite  element  program  as  well  as  the  behavioral  assumptions  made  in 

the  analysis. 

A  detailed  description  of  the  two  analysis  techniques  follows. 

The  results  of  both  analyses  are  tabulated  with  the  tractions  listed 

corresponding  to  the  positions  of  strain  gage  installations.  The 

results  are  then  compared  in  light  of  the  analysis  assumptions. 
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3.2  Influence  Surface  Analysis 

This  method  is  based  on  the  use  of  the  Homberq  influence  surfaces 

3 
for  plates  with  variable  depthf  .  The  method  of  analysis  as  outlined  in 

the  state-of-the-art  paper  cited  earlier  reduces  the  three  dimensional 
plate  bendinq  problem  to  a  two  dimensional  frame  analysis  of  the 
segment  cross-section.  The  influence  surfaces  are  used  to  find  fixed- 
end  moment  tractions  of  the  top  slabs.  Influence  surfaces  for  plates 
are   analogous  to  influence  lines  for  beam  elements.  Figures  19  through 
23  are  influence  surfaces  taken  from  the  Homberg  book.  The  three- 
dimensional  nature  of  these  charts  allows  the  effect  of  a  series  of 
wheel  loads  to  be  included  in  the  fixed-end  tractions.  Once  the  fixed- 
end  tractions  are  determined  for  a  particular  loading  position,  a  frame 
analysis  is  done  to  determine  tractions  in  the  segment  section.  The 
fixed-end  tractions  at  a  cross-section  are  found  from  plate  theory, 
but  the  frame  analysis  is  based  on  a  unit  lenath  of  the  box  girder. 
The  frame  analysis  is  done  with  the  webs  of  the  cross-section  supported. 
Three  different  support  conditions  were  analyzed.  The  results  of  the 
three  analyses  are  tabulated.  The  frame  analysis  can  be  accomplished  by 
conventional  moment-distribution  or  by  matrix  methods.  In  this  case 
the  STRUDL  program  was  used  which  is  available  on  Purdue's  IBM  360 
computer. 

In  or.der  to  determine  the  fixed-end  moment  tractions  the  top  road- 
way slabs  and  side  cantilevers  are  assumed  fixed  at  the  slab-web 
juncture.  Each  plate  between  fixations  behaves  independently.  The 
cross-section  is  analyzed  for  eight  transverse  loading  positions  as 
detailed  in  Chapter  II.  Each  position  will  place  wheel  loads  in  some 
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of  the  plate  panels  and  not  in  the  others.  Those  panels  containing 
wheel  loads  will  have  fixed-end  tractions.  The  wheel  loads  are 
actually  three  dimensional  with  a  tandem  axle  and  front  axle.  Also, 
the  wheel  loads  do  not  represent  point  loads  but  are  actually  dis- 
tributed over  a  tire  contact  area.  The  test  truck  contact  areas  and 
axle  spacings  are  scaled  according  to  the  influence  surfaces.  If 
this  arrangement  is  overlaid  on  the  influence  surface  as  shown  in 
Figure  19,  the  volume  of  the  frustrum  created  by  the  intersection  of 
the  contact  area  cylinder  and  the  influence  surface  can  be  found.  The 
total  volume  represents  the  fixed-end  moment  traction  per  unit  load 
at  the  section  under  consideration  for  that  particular  loading  position. 

The  Homberg  influence  surfaces  were  developed  in  Europe  and  are 
thus  based  on  the  metric  system.  The  lateral  and  longitudinal  dimen- 
sions of  the  surfaces  are  based  on  the  ratio  of  length  to  slab  span 
length  and  are  thus  dimensionless.  The  vertical  ordinate  of  the 
surfaces  is  metric.  Thus  the  volume  of  the  frustum  yields  moments  in 
kg-m  per  unit  kg.  A  proper  conversion  to  ft-kips  per  kip  must  be  made. 

In  pavement  design  the  tire  contact  area  is  usually  assumed  to  be 
elliptical  in  shape.  The  contact  area  is  found  by  dividing  the  wheel 
load  (lb)  by  the  tire  pressure  (psi).  For  the  purposes  of  this 
analysis,  the  tire  pressure  was  assumed  to  be  70  psi.  The  wheel  loads 
are  as  specified  in  Chapter  II.  The  contact  area  was  assumed  to  be 
rectangular  rather  than  elliptical  in  order  to  simplify  the  analysis. 
The  contact  pressure  area  enlarges  as  the  depth  into  the  slab  increases. 
The  imprint  area  used  in  the  analysis  was  found  by  extending  the  rec- 
tangular contact  area  at  45°  to  the  mid-depth  of  the  slab.  The  result 
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is  an  expanded  imprint  area  as  shown  in  Figure  19.  The  contact  rec- 
tangle intersects  the  influence  surface  forming  a  parallelepiped 
truncated  by  a  curved  surface.  The  volume  and  thus  the  influence 
value  must  be  found  by  a  numerical  technique.  For  this  analysis  each 
contact  area  was  divided  into  a  rectangular  qrid.  The  influence  or- 
dinate was  found  at  each  grid  point.  By  using  Simpson's  rule  of 
numerical  integration  the  frustrum  volume  was  determined.  Considering 
the  errors  introduced  by  simplifyinn  assumptions  made  in  the  analysis, 
the  above  technique  is  probably  too  rigorous.  An  alternative  would 
be  to  use  an  average  influence  ordinate  multiplied  by  the  imprint 
area  as  an  acceptable  influence  value.  As  seen  in  Figures  19  through 
23,  the  influence  surfaces  are   developed  for  specific  slab  depth  ratios 
(d  ).  Tractions  for  the  actual  depth  ratios  were  found  by  interpolating 
between  values  determined  from  the  influence  surfaces.  The  above 
procedure  was  used  to  determine  fixed-end  moment  tractions  for  the 
eight  transverse  loading  conditions.  In  all  cases  the  imprint  area 
made  by  the  front  tires  was  beyond  the  zone  of  influence  for  the  test 
sections  analyzed.  The  resulting  fixed-end  moment  tractions  are 
tabulated  in  Table  1 . 

Once  the  fixed-end  moments  are  found,  a  frame  analysis  is  done  to 
determine  the  moment  distribution  in  the  box  section.  The  analysis  is 
accomplished  in  the  conventional  manner  by  superimposing  the  fixed-end 
case  with  the  case  in  which  joints  are  free  to  move  under  joint  loads 
equal  and  opposite  in  sense  to  the  fixed  end  member  forces.  The  analy- 
sis is  based  on  the  assumption  that  a  unit  length  of  the  box  section 
behaves  as  a  frame.  As  previously  mentioned,  the  fixed-end  moments 
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are  based  on  plate  theory.  Although  the  analysis  is  based  on  a  unit 
width,  the  actual  tandem  axle  arranqement  distributes  the  load  over 
a  larger  area  depending  on  the  stiffness  of  the  slab.  This  is  over- 
come by  dividing  the  total  wheel  load  by  an  assumed  distribution  length 
which  redjces  it  to  a  load  per  unit  width.  For  the  Turkey  Run  analysis 
the  distribution  length  was  assumed  to  be  6  ft.  This  is  based  on  the 
test  truck  axle  spacing  and  on  the  expanded  contact  area  found  by 
distributing  the  load  area  at  45°  to  the  mid-depth  of  the  slab. 
Another  factor  which  should  be  considered  in  the  analysis  is  the  corner 
fillets  in  the  box  section.  The  fillets  in  effect  make  the  "frame" 
members  have  a  variable  moment  of  inertia.  This  should  be  considered 
in  an  analysis.  This  was  done  in  the  present  analysis  by  breaking  each 
member  into  several  segments,  each  with  different  section  properties. 
For  analysis  a  frame  must  be  supported  in  a  stable  manner.  For 
the  transverse  bending  analysis  the  box  section  webs  are  assumed  to 
be  supported  at  their  bases.  As  shown  on  the  schematics  of  Tables  2 
through  4,  three  different  boundary  conditions  were  considered  in  the 
analysis.  First,  the  supports  were  assumed  to  be  pinned  on  rollers 
with  no  lateral  restraint.  Secondly,  the  supports  were  pinned  with 
full  restraint  against  lateral  displacement.  Finally,  the  supports 
were  completely  fixed  against  rotation  or  lateral  displacement.  These 
three  conditions  should  bound  the  actual  web  base  support  conditions. 
Near  the  pier,  the  web  diaphragm  and  the  thickened  bottom  slab  tends 
to  restrain  the  web  base,  while  at  midspan  the  lateral  and  rotational 
stiffnesses  diminish.  One  drawback  of  the  present  approach  is  the 
neglect  of  the  relative  vertical  displacements  of  the  web  supports. 
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This  factor  could  be  accounted  for  by  using  spring  supports,  although 
this  would  complicate  the  analysis  beyond  practicality.  The  results 
of  the  three  analyses  are  tabulated  in  Tables  2  through  4.   Moment 
tractions  are  tabulated  only  at  strain  gage  test  section  locations. 

For  this  analysis  technique  it  is  seen  that  moment  tractions  are 
much  larger  in  the  vicinity  of  the  wheel  loads.   In  fact,  the  moment 
tractions  in  members  twice  removed  from  loaded  members  are  several 
orders  of  magnitude  smaller  than  the  primary  tractions.  Due  to  the 
variability  of  support  conditions  these  tractions  are  probably  un- 
reliable. Note  that  the  primary  moments  for  all  three  cases  vary  by 
only  a  small  percentage.  This  is  partially  due  to  the  transverse  web 
stiffness  being  larger  relative  to  the  top  slab  stiffness.  One  could 
conclude  that  the  fixed  base  case  would  be  adequate  for  predicting  pri- 
mary transverse  moment  tractions. 

3.3  Finite  Element  Analysis  of  Transverse  Bending 

The  finite  element  method  is  a  technique  of  analysis  which  models 
a  continuous  structure  by  subdividing  it  into  discrete  elements.  Each 
element  is  actually  a  mathematical  unit  which  determines  the  displace- 
ment field  within  the  element  through  the  use  of  interpolating  poly- 
nomials. The  displacement  field  is  represented  in  terms  of  displace- 
ments at  the  element  corners  or  nodes.  Through  the  use  of  the  principle 
of  minimization  of  total  potential  energy  a  stiffness  matrix  is  for- 
mulated for  each  element.  Equilibrium  is  enforced  at  the  nodes  re- 
sulting in  a  set  of  simultaneous  equations.  The  solution  of  the 
equations  and  backsubstitution  of  results  yields  the  stress  distribu- 
tion within  the  continuous  structure. 
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The  discrete  element  used  in  the  present  analysis  is  actually 
the  superposition  of  a  rectangular  plane  stress  element  and  plate  bend- 
ing element  as  shown  in  Figure  24.  Altogether  there  are  six  degrees 
of  freedom  per  node  with  four  nodes  per  element.  A  detailed  description 
of  the  element  stiffness  matrix  formulation  can  be  found  in  Reference 
15.   It  should  be  noted  that  this  element  is  formulated  with  a  constant 
depth  (t).  For  the  analysis  of  variable  depth  box  airder  decks  an 
averaae  slab  thickness  must  be  used  in  each  element. 

The  entire  structure  is  divided  into  discrete  elements  as  shown 
in  Figure  25.  The  elements  composing  the  mesh  are  mathematically 
connected  at  the  nodes  by  enforcing  equilibrium  of  element  forces 
and  external  nodal  forces  at  each  node  point.  Each  top  slab  panel 
is  laterally  divided  into  two  elements.  The  longitudinal  element 
dimension  depends  on  the  degree  of  mesh  refinement.  A  finer  mesh 
theoretically  produces  more  accurate  results.  The  bottom  slab  and 
webs  are  modeled  by  single  elements  having  the  same  longitudinal  di- 
mension as  the  top  slab  elements.  Figure  25  shows  two  mathematical 
segments.   It  should  be  noted  that  the  mathematical  segment  divisions 
do  not  necessarily  correspond  to  the  physical  bridge  segments.  A  more 
detailed  description  of  the  mesh  chosen  for  the  analysis  of  the  Turkey 
Run  segmental  bridge  can  be  found  in  Reference  15.. 

The  results  of  the  finite  element  analysis  of  the  Turkey  Run 
bridge  are  tabulated  in  Tables  5  through  8.  Transverse  moment  trac- 
tions are  listed  at  locations  corresponding  to  the  strain  aaqe  instal- 
lations. There  are  eight,  transverse  truck  positions  at  each  of  four 
test  sections.  Details  of  positioning  points  are  found  in  Chapter  II. 
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(a)    Plane    stress    element 
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(b)    Plate    bending    element 

Figure  24.     Finite  Element  Used   in  Analysis 
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The  finite  element  mesh  was  chosen  in  a  fashion  such  that  concentrated 
wheel  loads  fell  on  node  points.  Conveniently,  most  of  the  eight 
transverse  positions  placed  the  loads  over  the  nodes.  Exceptions  were 
the  outer  positions,  Nos.  1  and  8,  which  had  to  be  altered  in  order  to 
place  the  wheel  loads  over  a  node.  This  was  done  by  decreasing  the 
axle  width.  This  invalidates  data  at  these  sections  in  reference  to 
the  actual  loading  positions.  Primary  bending  moments  cannot  be 
expected  to  correlate  at  these  particular  positions.  But,  secondary 
moments  at  locations  removed  from  the  test  truck  location  should  not 
be  affected  significantly.  Transverse  bendinq  tractions  at  sections 
other  than  the  loaded  test  sections  were  not  listed  since  they  are 
several  orders  of  magnitude  smaller  than  the  primary  moment  tractions. 
The  reliability  of  these  tractions  might  be  questionable.  Moments  at 
locations  between  node  points  were  found  by  linear  interpolation  between 
the  node  tractions. 

As  in  the  influence  surface  analysis,  the  primary  tractions  in 
the  vicinity  of  the  loads  are  significantly  larger  than  those  in  members 
removed  from  the  wheel  loads.  Again  this  might  be  attributed  to  the 
stiffness  of  the  webs.  This  implies  that  the  carry-over  moments  from 
one  box  to  the  adjacent  box  are  wery   small  even  with  full  continuity 
of  the  cast-in-place  longitudinal  joint  as  assumed  in  the  finite  ele- 
ment analysis.  It  should  be  noted  that  for  certain  load  positions 
the  moments  listed  are  not  the  maximum  moments  in  that  particular 
element.  In  some  cases  an  inflection  point  might  occur  between  nodes 
near  a  strain  gage  location,  resulting  in  small  tractions.  Small  trac- 
tions cannot  be  measured  as  accurately  as  larger  tractions;  therefore, 
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the  reliability  of  the  data  at  each  test  location  should  be  considered 
when  comparing  the  empirical  results  to  the  finite  element  results. 

3.4  Finite  Element  Analysis  vs.  Influence  Surface  Analysis 

As  can  be  seen  by  comparing  the  tabulated  results  of  the  two 
analyses,  the  primary  transverse  moment  tractions  of  the  influence 
surface  analysis  are  larger  than  those  of  the  finite  element  analysis 
by  a  factor  of  two  or  greater.  This  reveals  the  inherent  conservatism 
of  the  influence  surface  technique.  The  use  of  simple  frame  theory  to 
model  plate  action  and  the  assumption  that  the  wheel  load  is  distributed 
uniformly  over  an  assumed  longitudinal  distribution  length  are  the 
primary  factors  causing  the  conservative  results.  The  secondary 
moments  vary  considerably  in  the  two  analyses.  Due  to  the  variation  in 
support  boundary  conditions  in  the  influence  surface  analysis,  the 
location  of  inflection  points  will  vary.  This  results  in  secondary 
moments  of  different  sign  than  the  finite  element  moments  in  some 
cases.  Realistically,  the  secondary  moments  from  the  influence  surface 
analysis  are  probably  unreliable  and  of  little  significance  for  design. 
The  results  reveal  that  the  simplified  design  approach  and  the  more 
rigorous  finite  element  technique  do  not  compare  favorably.  The 
finite  element  results  are  more  reliable  and  should  correlate  with 
actual  behavior  as  determined  by  the  testing  program. 

3.5  Transverse  Moments  Induced  by  Thermal  Gradients 

Transverse  bending  moments  can  be  induced  by  conditions  other  than 
gravity  loading.  For  example,  if  the  top  slab  is  post-tensioned 
transversely  a  shortening  occurs  in  the  top  slab  relative  to  the  bottom 
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slab.  The  lateral  stiffness  of  the  webs  causes  transverse  bending  mo- 
ments to  be  induced.  The  Turkey  Run  bridge  does  not  have  transverse 
post-tensioning,  but  relative  shortening  of  the  top  and  bottom  slabs 
can  occur  due  to  thermal  gradients  through  the  superstructure.  The 
transverse  moments  induced  are  similar  to  those  caused  by  transverse 
post-tensioning,  although  they  may  be  opposite  in  sign.  This  effect, 
although  small,  should  be  accounted  for  when  correlating  measured 
moments  with  moments  found  from  an  elastic  live  load  analysis.  A 
rigid  frame  analysis  should  provide  a  reasonable  prediction  of  this 
phenomenon  since  the  symmetric  temperature  loading  causes  primary  cur- 
vature in  the  transverse  direction  only.  If  one  considers  the  twin 
box  beams  as  open  tubular  members,  one-way  plate  action  predominates. 
Curvature  in  the  longitudinal  direction  is  negligible  except  near  the 
physical  supports.  The  only  variation  from  simple  frame  theory  results 
from  the  Poisson  effect  as  demonstrated  below.  Assuming  Poisson's 


Figure  26.  Tubular  Box  Beam 
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ratio  as  zero,  a  common  practice  in  concrete  desion,  and  assuming 
longitudinal  curvature  is  negligible  at  the  section  in  question,  then 
frame  theory  applies. 

The  frame  analysis  used  considers  fillets  of  the  slabs  and  webs 
by  subdividing  each  "member"  into  an  appropriate  number  of  segments 
each  with  different  cross-sectional  properties.  The  analysis  represents 
a  10°F  temperature  gradient  through  the  structure;  thus,  the  top 
slab  members  increase  in  length  according  to  the  coefficient  of  thermal 
expansion  of  concrete.  The  coefficient  of  thermal  expansion  varies 
markedly  with  aggregate  type.  Gravel  will  be  used  in  the  superstructure 
concrete  of  the  Turkey  Run  bridge.  Concrete  with  gravel  aggregate 
has  a  coefficient  of  thermal  expansion  of  approximately  6.5  x  10"'  ft/ft/ 
°F.  Although  the  analysis  below  was  done  for  a  10°F  temperature 
gradient,  transverse  moments  for  other  gradients  may  be  found  by 
proportioning.  Two  frame  analyses  were  done,  corresponding  to  the 
mid-span  instrumented  sections  and  the  instrumented  sections  near 
the  pier.  Near  the  pier  sections  fictitious  supports  under  the  webs 
were  assumed  to  be  fixed  against  translation  but  free  to  rotate.  The 
translational  restraint  is  provided  by  the  stiffness  of  the  thickened 
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bottom  slab  and  transverse  diaphragm  juncture,  flear  midspan  transverse 
translational  stiffness  of  the  fictitious  web  supports  is  smaller,  thus 
the  supports  v/ere  allowed  to  translate  horizontally.  The  frame  analyses 
were  done  using  the  ICES-STUDL-II  program  available  at  Purdue  University 
on  the  IBM  360  computer. 

As  seen  on  Figures  27  and  28,  the  transverse  induced  moments  near 
the  pier  are  much  larger  than  those  near  midspan.  The  actual  distri- 
bution at  a  particular  section  will  be  bounded  by  the  above  cases. 
Although  a  10°F  thermal  gradient  was  assumed  in  the  analysis,  the  actual 
gradient  is  the  variation  in  gradient  from  the  time  of  strain  gage 
balancing  to  the  time  of  load  application  for  a  specific  test  position. 
Thermal  gradients  can  be  monitored  continuously  during  the  testing 
operation.  Although  the  above  analysis  does  not  model  exact  behavior, 
it  should  provide  the  basis  for  a  thermal  moment  correction  which  will 
reduce  the  error  between  actual  moments  and  predicted  moments  of  the 
finite  element  analysis. 
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CHAPTER  IV 
TRANSVERSE  BENDING  INSTRUMENTATION  DETAILS 


4.1  General 


The  instrumented  sections  for  transverse  bending  are  located  in  a 
manner  to  maximize  distortional  effects  for  the  prescribed  loading 
situations.  As  mentioned  earlier,  the  maximum  relative  displacements 
of  the  twin  boxes  will  occur  near  the  point  of  maximum  vertical 
deflection;  therefore,  instrumented  sections  are  located  near  the 
centerlines  of  segments  24  and  25,  as  illustrated  in  Fiqure  29.  Also, 
the  stiffness  supplied  by  the  thickened  bottom  slab  and  the  interior 
diaphragm  near  the  pier  will  produce  more  pronounced  transverse  mo- 
ments in  the  vicinity  of  the  pier.  Instrumented  sections  are  located 
near  the  pier  at  the  centerline  of  segments  2  and  3  as  shown  in  Figure 
29.  The  instrumented  sections  are  referred  to  as  sections  A  through  D. 
This  coding  is  used  to  identify  particular  strain  gages  located  at  each 
section. 

Figures  30  through  33  illustrate  the  relative  positions  of  strain 
gage  installations  at  each  instrumented  section.  The  section  and  gage 
number  code  should  always  be  used  to  identify  a  particular  gage.  In- 
stallations consist  of  three  types:  surface  installation  type  I, 
surface  installation  type  II,  and  bar  installation  type  III.  Details 
of  each  installation  type  and  installation  procedures  can  b'e  found  in 
Appendix  A.  As  can  be  seen,  each  section  group  of  gages  is  located 
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near  the  center! ine  of  the  top  and  bottom  slabs,  or  near  mid-depth  of 
the  webs.  No  gages  are  located  in  the  bottom  slab  of  segments  2  and 
3  because  the  longitudinally  tapered  slab  thickness  would  cause  dif- 
ficulties in  traction  interpretation.  These  locations  are  convenient 
but  do  not  always  correspond  to  locations  of  maximum  transverse  moment. 
In  several  loading  cases  maximum  moments  occur  at  the  joints  of  the 
cross-section.  Ideally,  moments  should  be  measured  at  the  joints,  but 
the  conjestion  and  interference  of  post-tensioning  cables  makes  this 
impractical.  The  exact  locations  of  gage  installations  are  detailed 
in  Appendix  A. 

Each  group  of  gage  installations  consists  of  bar  installations 
(type  III)  on  the  interior  and  exterior  bars  of  the  slab  or  web  and 
an  interior  surface  installation.  The  bar  installations  for  the 
webs  and  top  slabs  are  illustrated  respectively  in  Figures  34  and  35. 
The  bar  gages  will  supply  strain  distribution  data  at  each  section. 
With  the  strain  distribution  known,  a  working-stress  section  analysis 
can  be  used  to  calculate  transverse  moment  tractions.  The  concrete 
surface  installations  (type  I  and  II)  provide  a  check  on  strain 
linearity  through  the  section.  On  the  web  surfaces  gages  are  located 
near  the  neutral  axis  of  the  section  and  are  therefore  in  a  low 
longitudinal  stress  field.  As  a  result  it  is  not  necessary  to  make 
corrections  for  transverse  sensitivity  of  the  strain  gages,  and  a 
single  transverse  surface  gage  (type  I)  is  adequate.  Essentially, 
transverse  sensitivity  is  the  error  in  gage  output  caused  by  strain 
transverse  to  the  longitudinal  gage  axis.  The  surface  gages  on  the 
top  and  bottom  slabs  are  located  in  a  high  longitudinal  stress  field 
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Figure  34.     Web  Installation 
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Figure  35.     Slab  Installation 
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and  require  corrections  for  transverse  sensitivity.   In  order  to 
make  this  correction  a  longitudinal  qaqe  is  placed  adjacent  to  the 
transverse  gage  to  measure  longitudinal  strain  intensity.  This 
arrangement  corresponds  to  the  type  II  surface  installation.  Details 
of  the  transverse  sensitivity  correction  are  described  later.  Each 
instrumented  bar  (type  III  installation)  has  a  weldable  strain  gage 
mounted  in  such  a  way  as  to  minimize  the  effect  of  localized  bending 
in  the  bar.  This  is  accomplished  by  positioning  the  instrumented  bar 
such  that  the  longitudinal  gage  axis  falls  along  the  mid-depth  of  the 
bar.  Appendix  A  contains  typical  strain  gaae  specifications  and 
engineering  data  for  the  gage  types  to  be  used.  This  information  may 
vary  slightly  with  a  particular  lot  of  gaqes. 

All  internal  bar  installations  have  lead  wires  running  into  the 
interior  of  the  box  section.  This  was  accomplished  by  mounting  outlet 
conduits  on  the  rebar  cage  prior  to  casting.  Once  the  forms  were 
stripped  the  leads  could  be  pulled  out  of  the  conduit.  After  the 
bridge  is  erected  splices  can  be  made  and  all  gage  leads  can  be  run 
to  a  central  junction  box.  Figures  36  and  37  show  photographs  of 
the  top  and  bottom  slabs  and  web  installations  in  a  completed  seqment. 
Outlets  for  the  thermistor  installations  described  in  Chapter  V  are 
also  shown.  The  junction  box  will  contain  outlets  for  all  strain 
gages  on  both  spans  of  the  structure.  An  ideal  location  for  the 
junction  box  is  on  the  inside  of  the  girder  near  the  pier  segment 
of  one  span.  The  data  acquisition  system  could  then  be  placed  inside 
the  girder  during  the  testing  operation.  Fiqure  38  shows  the  interior 
of  a  similar  box  girder  span.  Note  that  a  junction  box  need  be  placed 
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Figure  36.  Web  Installation  Outlets 
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Figure  37.  Top  and  Bottom  Slab  Installation  Outlets 
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Figure  38.  Interior  of  Box  Girder  Span 
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in  only  one  span  since  a  2-1/2  diameter  conduit  will  carry  leads  from 
one  span  to  the  other.  Holes  have  been  cast  in  segment  2B  for  place- 
ment of  this  conduit. 

4.2  Transverse  Sensitivity 

All  strain  gages  have  a  certain  transverse  sensitivity  whose 
magnitude  is  governed  by  the  grid  geometry  of  the  gage.  For  example, 
a  gage  with  several  loops  will  have  a  larger  portion  of  the  equivalent 
gage  length  in  the  transverse  direction  than  a  gage  with  few  loops. 
Generally,  strains  in  the  direction  of  the  longitudinal  gage  axis  are 
largest  with  transverse  strains  being  negligible.  In  such  cases  the 
effect  of  transverse  sensitivity  is  negligible.  But,  when  measuring 
low  strains  in  a  high  transverse  strain  field,  such  as  the  case  of 
measuring  transverse  moments  in  a  high  longitudinal  stress  field, 
transverse  sensitivity  error  can  be  significant  and  should  be  taken 
into  account. 

The  correction  for  transverse  sensitivity  effects  can  be  made  by 
adjusting  the  gage  factor  of  the  gage  in  question.  The  susceptibility 
to  transverse  sensitivity  error  depends  on  the  magnitude  of  the  cross- 
sensitivity  factor  (k)  of  the  gage, 

S  AR/R/r 

k  _  transverse   =      '  y  /gj 

longitudinal    AR/R/e 

transverse  =  transverse  sensitivity 

longitudinal  =  longitudinal  sensitivity 

AR        =  resistance  change  due  to  strain 
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=  initial  gage  resistance 


e         =  longitudinal  strain 
x  J 

e         =  transverse  strain 


The  formula  below  is  used  to  calculate  the  corrected  gage  factor  for 
the  primary  gage. 

G     .  .  =  G(]  *  Ch  (6) 

corrected     1  -  vk'  v  ' 


G  =  gage  factor 

c  =  e  /e  (ratio  of  transverse  to  longitudinal  strain) 

y  x 

k  =  cross-sensitivity  factor 
v  =  Poisson's  ratio 


The  derivation  of  this  formula  can  be  found  in  any  textbook  on 
experimental  stress  analysis. 

As  an  illustration  suppose  the  longitudinal  strain  at  an  in- 
strumented section  of  the  Turkey  Run  bridge  is  20  times  the  trans- 
verse strain.  Since  transverse  bending  strain  is  desired,  the  trans- 
verse gage  of  the  type  II  installation  is  the  primary  gage.  The 
transverse  sensitivity  of  a  20  CBW  gage  is  approximately  -0.9%. 
A  typical  value  of  Poisson's  ratio  for  concrete  is  0.13.  Therefore: 


G      ■   ,  Gj]  +  j*?  c  =  20 

corrected    (1  -  vk) 

k  =  -.009 
_  6(l+20(-.009)) 

(l-.13(-.009))       v  =  .13  (7) 


G      .  ,  =  0.82G 
corrected 
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If  this  correction  were  not  made  the  observed  strains  would  be  in 
error  by  18%. 

4.3  Elimination  of  Signal  Errors 

All  the  gages  shown  in  Figure  30  through  33  will  be  in  the  active 
leg  of  a  quarter-bridge  Wheatstone  bridge  circuit.  The  other  three 
legs  of  the  bridge  circuit  are  located  within  the  data  acquisition 
system.  If  follows  that  the  lead  wires  for  the  active  gage  will  be 
very  long  in  comparison  with  the  other  legs  of  the  bridge  located  in 
the  acquisition  system.  The  long  exposed  lead  wires-are  more  suscepti- 
ble to  temperature  variations  during  the  testing  procedure.  This 
situation  can  cause  errors  in  observed  strains.  This  error  can  be 
minimized  by  using  the  three-wire  lead  system  shown  below. 


V  -± 


Active  Gage 


3  Wire  Lead 


AE  (output) 
Figure  39.  Three-wire  Leads  for  Quarter  Bridge 


Another  problem  associated  with  the  use  of  long  lead  wires  is 
the  error  induced  by  the  resistance  of  the  lead  wire  itself.  When  the 
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lead  length  becomes  excessive  the  resistance  of  the  lead  becomes 
significant  relative  to  the  resistance  of  the  strain  gage.  Therefore, 
the  resistance  of  the  active  quarter  leg  of  the  bridge  is  the  sum 
of  the  gage  resistance  and  the  lead  resistance.  This  is  known  as 
desensitization  error.  The  resistance  of  the  lead  wire  depends  on 
the  overall  length  and  the  AWG  gage  number.  Standard  instrumentation  wire 
is  AWG  22  with  a  resistance  of  approximately  16  ohms  per  thousand 
feet.  Desensitization  error  is  corrected  by  adjusting  the  gage  factor 
by  a  desensitization  factor  (D),  obtaining  a  new  gage  factor  (k1). 


(8) 


RG  +  RL 


Dk  (9) 


Rr  =  gage  resistance 

R.  =  lead  wire  resistance  (resistance  of  one  lead  only  for  a 

three  wire  lead  circuit) 
k  =  initial  gage  factor 


This  correction  must  be  made  in  addition  to  the  transverse  sensitivity 
error  discussed  earlier. 
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CHAPTER  V 
THERMAL  RESPONSE 

5.1   Introduction 

In  segmental  box  girders  the  top  roadway  slab  is  subjected  to 
more  extreme  thermal  conditions  than  the  bottom  slab.  At  some  point 
the  top  and  bottom  slabs  are  at  equal  temperatures  at  which  time 
thermal  equilibrium  exists.  As  the  day  progresses  the  angle  of 
incidence  of  the  sun's  radiation  decreases  and  the  intensity  of  radiant 
energy  absorption  increases  on  the  top  slab  while  the  bottom  slab 
remains  shaded.  The  magnitude  of  the  temperature  differential  between 
the  top  and  bottom  slabs  will  depend  on  the  thermal  transfer  conditions 
at  the  bridge  site.  For  example,  onaday  with  high  wind  intensity 
the  heat  energy  absorbed  by  radiation  is  transferred  from  the  slab 
by  forced  and  natural  convection  resulting  in  a  lower  thermal  gradient 
than  on  a  similar  day  with  negligible  wind.  Thermal  gradients  also 
vary  with  time  due  to  the  ever-changing  angle  of  incidence  of  the  sun. 
The  result  is  a  cyclic  variation  in  thermal  gradients  similar  to  that 
shown  in  Figure  40. 

Thermal  gradients  cause  the  top  and  bottom  slabs  to  elongate  by 
different  amounts.  The  magnitude  of  the  elongation  depends  on  the 
coefficient  of  thermal  expansion  for  the  concrete.  The  structure 
must  respond  geometrically  or  the  statical  system  must  change,  depending 
on  the  support  boundary  conditions.  During  the  cantilevering  phase  of 
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construction  the  structure  is  statically  determinate  and  the  thermal 
gradient  causes  a  constant  curvature  along  the  span,  as  long  as 
gradient  doesn't  vary  longitudinally,  resulting  in  a  cantilever 
tip  deflection  which  varies  with  the  magnitude  of  the  gradient.  This 
variation  in  deflection  is  erratic  and  causes  problems  in  vertical 
alignment  control  during  cantilevering.  In  the  completed  indeterminate 
structure  the  thermal  curvature  cannot  occur  freely,  due  to  restraining 
boundary  conditions.  The  statical  system  of  the  bridge  must  change  in 
order  to  resist  the  induced  thermal  stresses.  As  a  result  the  dead 
load  reactions  change  and  continue  to  fluctuate  as  long  as  the  thermal 
gradient  varies. 

The  main  objective  of  instrumenting  the  Turkey  Run  bridge  for 
thermal  gradients  is  to  obtain  data  which  can  be  utilized  to  develop 
more  accurate  design  parameters.  At  present  most  designers  accept 
an  arbitrary  value  for  the  design  thermal  gradient  based  on  intuition 
and  experience  rather  than  experiment.  By  measuring  actual  gradients" 
in  an  in-place  structure  the  magnitude  as  well  as  the  variation  in 
thermal  gradients  can  be  accurately  determined.  French  research  has 
reported  gradients  significantly  larger  than  those  presently  used  in 
American  design  .  Of  course  it  cannot  be  concluded  that  gradients  in 
all  bridges  are  higher  than  predicted  since  climate  and  site  conditions 
may  vary  considerably  in  different  locations.  In  addition  to  deter- 
mining the  yearly  maximum  gradient,  the  instrumentation  scheme  will 
provide  data  on  the  daily  and  seasonal  variation  of  thermal  gradients. 
This  data  should  lead  to  a  better  understanding  of  the  thermal 
response  of  box  girders  with  respect  to  time.  This  becomes  critical 
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when  making  alignment  corrections  during  the  cantilevering  process.  It 
would  be  desirable  to  make  the  alignment  correction  at  a  time  of  day 
when  the  thermal  gradient  is  a  minimum.  This  would  minimize  the  align- 
ment error  caused  by  thermal  induced  deflections.  By  measuring  thermal 
gradient  variations  on  days  with  varying  atmospheric  conditions  and 
in  different  seasons  one  might  determine  a  relationship  between  these 
ambient  parameters  and  the  time  of  minimum  gradient.  From  past 
construction  experience  it  has  been  found  that  the  vertical  alignment 
correction  is  not  uniform  for  every  cantilevering  sequence,  and  the 
magnitude  of  the  correction  is  erratic.  In  order  to  determine  the 
relative  magnitude  of  gradient  deflections  and  deflections  caused 
by  other  sources,  e.g.  unbalanced  construction  loads,  cantilever 
tip  deflections  and  thermal  gradients  will  be  measured  simultaneously 
for  selected  24  hour  periods  during  construction.  This  will  provide 
a  direct  check  on  the  correlation  of  daily  gradient  variations  and 
predicted  cantilever  deflections.  The  following  pages  outline  in 
detail  the  scheme  for  implementation  of  the  instrumentation  objectives. 

5.2  Site  Conditions 


As  stated  previously,  the  site  conditions  at  a  particular  bridge 
can  affect  thermal  gradient  magnitudes.  Although  the  instrumentation 
of  the  Turkey  Run  bridge  will  provide  basic  information  on  the  thermal 
response  of  box  girders,  the  data  must  not  be  generalized  to  be  re- 
presentative of  every  box  girder.  The  maximum  thermal  gradient  at  one 
bridge  site  may  vary  significantly  from  the  gradient  of  an  identical 
bridge  at  another  site.  For  example,  a  bridge  in  a  deep  chasm  shaded 
from  sunlight  will  certainly  have  a  different  thermal  response  than 
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a  bridge  in  open  terrain  with  no  shading. 

Figure  41  shows  photographs  taken  at  the  site  of  the  proposed 
Turkey  Run  bridge.  The  proposed  bridge  will  be  similar  in  elevation  to 
the  existing  spandrel  arch  structure.  There  are  two  dominant  factors 
in  the  site  topography.  First,  the  bridge  deck  is  not  directly 
shaded  and  is  exposed  to  the  sun  during  most  of  the  day.  The 
surrounding  woods  might  cause  shading  during  the  early  morning  and 
late  afternoon.  The  shading  angle,  or  angle  from  the  bridge  deck  to 
the  top  of  the  tree  line,  is  approximately  20°.  The  wind  barrier 
produced  by  the  surrounding  trees  might  lessen  convective  transfer 
from  the  bridge  deck,  possibly  causing  higher  gradients  than  would 
be  expected  at  an  open  site  with  free  wind  flow.  A  second  feature 
of  the  Turkey  Run  site  is  the  shaded  chasm  under  the  bridge.  On 
investigation  of  the  site  it  was  noticed  that  the  atmospheric  tem- 
perature in  the  chasm  was  significantly  lower  than  that  around  the 
bridge  deck.  This  is  due  to  the  extensive  shading  of  the  underside 
of  the  bridge  and  the  cool  spring  water  running  through  the  chasm. 
These  conditions  might  lead  to  lower  temperatures  in  the  bottom  slab 
of  the  proposed  structure.  The  topographic  features  mentioned  above 
might  tend  to  complement  one  another  and  cause  thermal  gradients  of 
significant  magnitude.  Although  there  is  no  way  to  compare  the  grad- 
ients measured  at  Turkey  Run  with  those  of  bridges  with  different  site 
features,  this  parameter  should  be  given  consideration  when  evaluating 
the  Turkey  Run  data. 
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Figure  41.  Existing  Structure  at  Turkey  Run 
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5.3  Thermal  Effects  During  Construction 

During  the  canti levering  phase  of  construction  each  opposing  span 
behaves  as  a  statically  determinate  cantilever  beam.  As  a  result, 
the  only  structural  response  induced  by  thermal  gradients  is  geometri- 
cal. When  a  cantilever  beam  is  subjected  to  a  constant  linear  thermal 
gradient  along  its  entire  length  each  section  deforms  with  constant 
curvature.  The  curvature  is  a  function  of  the  magnitude  of  the  thermal 
gradient,  the  thermal  properties  of  the  concrete,  and  the  depth  of 
the  member.  From  beam  theory  we  know  that  constant  curvature  along 
a  cantilever  member  causes  a  tip  deflection  of  4>L2/2.  Since  <)>  is  a 
function  of  the  temperature  gradient,  the  magnitude  of  the  tip  deflec- 
tion must  vary  directly  with  the  temperature  gradient.  Figure  42 
demonstrates  the  variation  of  tip  deflection  resulting  from  the 
typical  daily  gradient  variation  curve  shown  earlier.  Dimensional 
parameters  used  in  plotting  this  curve  correspond  to  the  Turkey  Run 
bridge.  The  maximum  gradient  of  25°  F  occurs  at  3  p.m.  The  outcome 
of  the  instrumentation  will  determine  whether  this  gradient  is 
excessive  or  typical. 

As  segments  are  cantilevered  from  the  central  pier  elevation  cor- 
rections must  be  made  in  order  to  maintain  the  design  grade.  This 
correction  is  usually  made  by  wedging  a  wire  mesh  at  the  interface 
of  two  segments  after  the  application  of  epoxy  but  prior  to  temporary 
post-tensioning.  The  procedure  is  illustrated  in  Figure  43.  The 
magnitude  of  this  correction  depends  on  the  difference  between  the 
design  elevation  and  the  actual  elevation.  If  this  correction  were 
valid  alignment  control  should  be  adequate.  Figure  43  demonstrates  a 
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sequence  of  construction  events  which  cause  alignment  errors  even 
though  elevation  corrections  are  made.  Suppose  segments  1,  2  and  3 
are  cantilevered  under-  identical  thermal  conditions.  Due  to  thermal 
gradients  the  tip  of  segment  3  deflects  by  a  magnitude,  T..  T.  is 
the  difference  in  design  and  actual  elevations  at  the  time  of  reading. 
If  there  are  delays  between  the  time  of  reading  and  the  cantilevering 
of  segment  4,  the  tip  of  segment  3  might  rise  by  an  amount  Tf,  depen- 
ding on  the  change  in  gradient  magnitude  during  the  time  interval.  As- 
suming thermal  conditions  remain  constant  during  the  cantilevering 
of  seqments  4,  5  and  6,  the  total  accumulated  error  at  the  tip  of 
segment  6  is  T  .  This  sequence  of  events  is  idealized  to  demonstrate 
how  alignment  errors  can  occur.   In  actuality  the  accumulation  of 
errors  is  erratic  and  depends  on  several  variables.  Nevertheless, 
one  can  infer  that  by  minimizing  T.  and  Tf  during  each  placement  and 
correction  sequence  the  total  accumulated  error  will  be  smaller.  T. 
is  a  minimum  when  the  thermal  gradient  is  a  minimum,  perhaps  during  the 
early  morning.  T-  will  be  smaller  if  the  time  delay  between  reading 
and  correction  is  minimized. 

In  order  to  provide  data  which  will  indicate  times  of  minimum 
thermal  gradients,  gradients  should  be  measured  during  24  hour  periods 
at  different  times  of  the  year.  It  is  recommended  that  at  least  four 
sets  of  gradient  variation  data  be  collected,  corresponding  to  the 
seasonal  variation  of  climate.  As  mentioned  earlier,  the  tip  deflec- 
tion variation  can  be  caused  by  other  conditions.  The  difference 
between  specified  and  actual  post-tensioning  forces  can  cause  tip 
deflections  which  are   different  than  those  predicted  by  calculations. 
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Other  factors  such  as  unbalanced  construction  loads  or  improper 
fit  of  segment  interfaces  may  also  cause  tip  deflections.   It  is  de- 
sirable to  determine  the  relative  magnitude  of  thermally  induced  de- 
flections and  those  caused  by  other  sources.   It  is  recommended  that 
tip  elevations  be  monitored  during  construction  after  placement  of  seg- 
ments 24  and  25.  These  segments  contain  the  thermistor  installations 
and  are  located  far  enough  from  the  pier  to  have  significant  deflections 
By  monitoring  gradients  and  deflections  simultaneously  perhaps  a  corre- 
lation can  be  made  which  will  verify  calculations  and  reveal  the  sig- 
nificance of  thermal  deflections  relative  to  deflections  caused  by  oth- 
er sources.  A  recommended  procedure  would  be  to  monitor  deflections 
by  setting  a  level  over  the  pier  on  the  inside  of  the  box  cross-section 
while  monitoring  temperatures  by  taking  hourly  thermistor  readings.   It 
should  be  noted  that  the  data  acquisition  system  will  not  be  available 
during  this  stage  of  construction  due  to  inaccessibility.  As  a  result, 
thermistor  readings  will  have  to  be  made  manually  with  portable  equip- 
ment. The  thermistor  installations  are  described  in  detail  at  the  end 
of  this  section. 

5.4  Thermal  Effects  in  Completed  Structure 

As  mentioned  earlier  the  completed  indeterminate  structure  must 
respond  to  thermal  gradients  by  undergoing  a  change  in  the  statical 
system.  For  instance,  suppose  the  two-span  continuous  Turkey  Run 
bridge  was  replaced  by  two  simple  spans  with  no  continuity  over  the 
pier.  Thermal  gradients  would  cause  constant  curvature.  If  the  thermal 
gradients  are  constant  along  both  spans  it  follows  that  the  slope  over 
the  pier  must  be  zero.  The  only  way  the  released  structure  can  have 
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Figure  44.  Cutback  Structure 


96 


zero  slope  of  the  pier  is  for  a  restoring  moment,  M,  to  be  applied.  The 
restoring  moment  causes  the  reactions  P..  and  RR  to  increase  and  Rp  to 
decrease.  These  reaction  variations  are  due  to  thermal  response  only.  ' 
Figure  45  shows  reaction  variations  R.  and  RR  due  to  the  typical  daily 
thermal  gradient  distribution  shown  earlier.  The  abutment  reactions 
increase  by  as  much  as  54  kips  under  a  thermal  gradient  of  25°  F.  The 
design  total  reaction  for  the  abutments,  considering  one  box  section 
only,  is  550  kips.  The  thermal  reaction  variation  is  10%  when  live  load 
is  included  and  13%  when  considering  dead  load  only.   If  the  thermal 
gradients  of  the  Turkey  Run  bridge  are  of  the  same  order  of  magnitude 
as  the  typical  distribution  used  above,  the  reaction  variations  become 
fairly  significant.  Reactions  were  actually  measured  on  the  French 
project  cited  earlier  and  it  was  found  that  support  reactions  varied  by 
■15-25%  due  to  thermal  response. 
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Figure  45.  Reaction  Variation  Due  to  Thermal  Gradients 
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Reaction  variations  of  the  order  of  magnitude  illustrated  above 
should  be  considered  in  design.  Prestress  or  post-tensioning  levels 
are   based  on  the  combination  of  stresses  from  dead  load  and  live  load. 
The  post-tensioning  forces  determine  concrete  tensile  stresses  under 
service  conditions.  For  the  stresses  to  be  representative  of  actual 
service  load  behavior,  the  statical  system  (tensioning  forces,  dead  load, 
live  load)  must  be  accurately  determined.  Thermal  response  causes  the 
abutment  reactions  to  increase  and  causes  some  relaxation  in  the  posi- 
tive moment  post-tensioning  force.  These  conditions  combine  to  cause 
increased  tensile  stresses  in  the  positive  moment  region.  If  thermal 
reaction  variations  are   predicted  and  post-tensioning  forces  increased 
appropriately,  stress   levels  will  be  assured  of  falling  within  the 
allowable  range.  By  determining  the  maximum  gradients  in  the  Turkey 
Run  bridge  the  relevance  of  this  consideration  can  be  evaluated.  For 
example,  if  the  gradients  are  on  the  order  of  25°  F  or  greater,  the 
variation  of  actual  and  predicted  stresses  becomes  significant  and 
should  be  considered  in  design. 

5.5  Instrumentation  Details 

The  thermistors  used  to  measure  thermal  gradients  consists  of 
probes  containing  resistors  whose  resistance  varies  markedly  with  tem- 
perature. The  components  are  contained  in  a  vinyl  coating  which  guards 
against  abrasion  and  corrosion  when  encased  in  concrete.  The  variation 
of  temperature  versus  resistance  is  non-linear  when  the  thermistor 
component  is  used  alone.  By  using  additional  resistor  composites  the 
output  can  be  linearized.  The  schematic  below  demonstrates  this  tech- 
nique (Figure  46).  The  components  in  the  box  represent  the  thermistor. 
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Figure  46.  Schematic  of  Thermistor  Circuit 

The  resistor  values  R,  and  R?  are  selected  to  provide  a  specific 
temperature  range  of  output.  (R-,  =  18,700  ft,  R?  =  32,250  ft  for  tem- 
peratures between  -30°  C  to  +50°  C).  When  long  lead  wires  are  used  it 
would  be  necessary  to  correct  for  resistance  of  the  leads.  Readings 
will  be  taken  near  the  location  of  the  thermistors  thus  requiring  leads 
of  less  than  10  ft.  Desensitization  error  will  therefore  be  negligible, 
and  the  equation  for  temperature  versus  resistance  can  be  expressed 
as  follows, 


Rt  =  (-127.0'96)T  +  12175 

T  =  temperature  °C 

R.  =  total  resistance  output 


(10) 
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It  should  be  noted  that  this  equation  is  only  applicable  when  the 
resistor  composites  are  as  specified  for  the  desired  temperature  range. 

Figure  47  shows  the  locations  of  the  thermistors  in  segments  24 
and  25.  Four  thermistors  are  placed  at  each  of  the  two  test  sections 
(24  and  25).  The  thermistors  are  located  at  mid-depth  of  the  segment 
slabs  in  order  to  average  local  gradients  between  the  inside  and  out- 
side surfaces  of  the  slabs.  The  temperature  difference  between  the 
top  and  bottom  slabs  will  represent  the  overall  section  gradient  with 
local  slab  gradients  being  considered  negligible  in  affecting  longitu- 
dinal flexural  response.  The  adjacent  spans  are  cantilevered  indepen- 
dently. Since  the  thermistors  are  located  in  each  span,  two  sets  of 
gradient  variation  data  can  be  obtained  during  each  cantilevering  phase, 

Figure  48  shows  details  of  the  thermistor  installation.  The 
encapsulated  thermistor  component  is  wired  in  place  prior  to  casting. 
The  leadwire  is  encased  in  a  rigid  conduit  for  protection.  After  the 
forms  are  stripped,  the  conduit  plug  is  removed  giving  access  to  the 
thermistor  leadwire  from  inside  the  box  section.  After  erection, 
temperature  measurements  at  any  installation  can  be  made  by  using  a 
portable  battery  powered  ohm-meter.  Since  two  thermistors  are  located 
at  each  box  a  two  channel  switching  box  will  be  used  for  monitoring. 
Readings  will  be  taken  at  1  hour  intervals.  This  will  allow  a  single 
switching  box  and  ohm-meter  to  be  used  for  the  entire  project. 
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Figure  48.  Thermistor  and  Thermistor  Installation 
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NOTES 


1  Diruy,  Lau,  Leger,  "Constations  A  Long  Terme  Sur  Un  Ouvage  En  Beton 
Precontract:  Le  Pont  De  Champigny  -Sur-Yonne",  Association  Fran- 
caise  des  Ponts  et  Charpentes,  October  1974,  pp.  17-36. 
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CHAPTER  VI 
LONG-TERM  DEFORMATIONS 

Long-term  deformations  under  sustained  dead  load  result  from  the 
combined  effects  of  creep  and  shrinkage.  In  a  two  span  continuous 
structure  such  as  the  Turkey  Run  bridge,  long-term  deformations  cause 
a  relative  rotation  to  take  place  at  the  central  support  section.  The 
rotation  due  to  creep  and  shrinkage  is  the  difference  between  deforma- 
tions at  the  service  life  of  the  bridge  and  those  upon  initial  loading. 
This  net  rotation  at  the  support  section  causes  a  moment  re-distribution 
within  the  span  and  thus  causes  stresses  to  be  different  than  those  used 
in  design.  Since  most  shrinkage  takes  place  before  erection  in  the 
case  of  precast  structures  it  is  generally  assumed  that  this  effect 
is  minimal.  Relative  rotations  will  be  measured  in  the  Turkey  Run 
bridge  in  an  attempt  to  determine  the  significance  of  creep  rotations. 

Mechanical  strain  gages  will  be  used  to  measure  rotations  at  the 
pier  support  section.  A  set  of  gage  holes  are  permanently  glued  to 
the  bottom  of  the  top  slab  and  top  of  the  bottom  slab  on  both  segments 
over  the  pier.  Each  set  of  holes  are  located  at  mid-span  of  the 
respective  slabs.  These  holes  are  drilled  in  small  metal  plates  which 
are  glued  with  epoxy  to  the  concrete  surface.  Relative  movement  of 
the  holes  will  be  measured  by  a  Whittemore  strain  gage.  A  10  in.  gage 
length  will  be  used.   Ideally  initial  gage  readings  should  be  taken  in 
the  unstressed  state.  However,  stresses  will  vary  considerably  during 
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construction  due  to  the  increasing  dead  load  as  segments  are  canti- 
levered  and  due  to  stresses  created  by  post-tensioning  forces.  As  a 
result  initial  measurements  cannot  be  taken  until  a  span  is  complete. 

By  knowing  long-term  strains  in  the  top  and  bottom  slabs  one 
can  determine  the  creep  rotation  occuring  during  the  specified  time 
period.  With  this  information  the  re-distribution  of  dead  load 
moments  can  be  determined. 
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CHAPTER  VII 
SUMMARY  AND  CONCLUSIONS 

An  instrumentation  scheme  has  been  developed  to  monitor  transverse 
bending  tractions,  thermal  gradients,  and  creep  rotations  in  the  Turkey 
Run  segmental  bridge.  Instruments  and  recommended  procedures  have  been 
specified  in  an  attempt  to  minimize  probable  instrumentation  errors. 
Upon  review  of  the  analysis  data  it  was  found  that  many  of  the  tractions 
to  be  measured  are  small,  thus  requiring  scrutiny  in  accounting  for 
errors . 

The  empirical  results  found  during  the  instrumentation  program 
are  to  be  compared  to  the  results  of  the  analytic  models  described 
in  this  report.  A  finite  element  analysis  and  an  influence  surface 
analysis  were  used  to  predict  transverse  bending  tractions.  Comparison 
of  the  two  analyses  revealed  that  the  influence  surface  analysis  was 
conservative  relative  to  the  finite  element  technique.  This  indicates 
that  the  finite  element  model  may  provide  a  better  behavioral  represen- 
tation and  may  correlate  better  with  measured  tractions. 

Data  gathered  upon  completion  of  phase  II  of  this  project  should 
add  to  the  body  of  information  currently  used  in  segmental  design 
and  should  provide  a  good  check  on  the  analysis  techniques  currently 
used. 
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Appendix  A 
Installation  Details  and  Strain  Gage  Data 

A.l  Surface  Gage  Installations  (Type  I  and  II) 

Strain  gages  mounted  on  an  exposed  concrete  surface  must  be 
protected  from  adverse  environmental  effects.  The  effects  of  moisture 
from  ambient  sources  as  well  as  the  migratory  moisture  of  the  concrete 
are  detrimental  to  the  gage  installation  and  produce  inaccurate  ob- 
served strains.  Ambient  temperature  variations  also  cause  strain  drift 
or  "apparent  strain"  due  to  varying  thermal  properties  of  the  concrete 
and  gage  backing  material.  This  phenomenon  should  be  accounted  for 
when  strain  measurements  are  taken  over  an  extended  period.  In  the 
case  of  short-term  live  load  strain  measurements,  the  protective  pre- 
cautions outlined  below  should  guard  against  detrimental  effects  of 
moisture  and  small  short-term  temperature  variations. 

The  type  I  surface  installation  of  Figure  Al  is  for  measuring 
concrete  surface  strains  in  regions  of  low  transverse  stress  at  which 
gage  factor  corrections  for  transverse  sensitivity  is  not  required.  The 
type  II  installation  of  Figure  A2  features  a  gage  positioned  at  90° 
from  the  primary  gage  in  order  to  measure  transverse  strains  used  in 
gage  factor  correction  calculations  for  the  primary  gage.  This  in- 
stallation is  used  in  areas  of  high  transverse  strain  where  transverse 
sensitivity  of  primary  gages  can  produce  significant  errors  in  strain 
.  measurements. 
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Figure  Al .  Type  I  Installation 
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Figure  A2.     Type   II    Installation 
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Details  of  Installation  Procedure 

1)  Sand  surface  removing  all  rough  projections. 

2)  Clean  surface  with  solvent. 

3)  Apply  initial  epoxy  coating  and  heat  cure  for  1-1/2  -  2  hours. 

4)  Apply  epoxy  coating  for  gage  bonding. 

5)  Apply  gage  with  continual  clamping  force  and  heat  cure  for  1-1/2  - 
2  hours. 

6)  Solder  leads  providing  strain  relief  and  apply  protective  coating. 

Data  for  the  surface  gages  are  listed  below: 
Gage  type:  20CBW-120 

Resistance:  120  ohms 

Gage  factor:  2.085  ±  0.5% 

Transverse  sensitivity:  -0.7% 
Gage  Length:  2.0  in. 

A. 2  Reinforcement  Bar  Installations  (Type  III) 

The  same  general  considerations  for  ambient  effects  apply  to  bar 
installations  as  for  surface  installations.  Steps  of  the  application 
procedure  are  illustrated  in  Figure  A3.  Notice  that  three  different 
types  of  protective  coating  are  applied  to  each  gage.  These  gages  are 
welded  to  the  bars.  Weldable  gages  are  more  moisture  resistant  and 
more  durable.  A  small  spot  welding  unit  was  used  to  weld  the  stain- 
less steel  alloy  gage  backing  to  the  bar.  Gages  were  welded  at  approxi- 
mately 10  watt-sec  with  a  probe  pressure  of  about  5  pounds.  The  gage 
was  then  coated  with  a  latex  enamel  coating,  a  rubber  compound  coating, 
a  metal  foil  coating,  and  finally  sealed  with  a  joint  sealer. 
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Figure  A3.  Steps  in  Application  of  Bar  Gages 
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Data  for  the  weldable  gages  are  listed  below. 

Gage  type:  CEA-06-W250A-120 

Resistance:  120.0  ±  0.4% 

Gage  factor:  2.04  +  3.5% 

Transverse  sensitivity:  +0.2% 
Gage  length:  .250  in. 


APPENDIX  B 
Material  Properties 
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Appendix  B 
Material  Properties 

In  order  to  interpret  moment  tractions  from  the  strain  data 
gathered  it  is  necessary  to  know  the  stress-strain  properties  of  the 
instrumented  bars  and  the  concrete  used  in  the  instrumented  segments. 
All  instrumented  reinforcement  bars  were  taken  from  the  same  heat  along 
with  ten  samples  of  24  inch  length.  Stress-strain  curves  determined  by 
testing  these  samples  can  be  used  to  determine  the  elastic  modulus  of 
the  heat.  Three  or  four  standard  6"  x  12"  concrete  test  cylinders 
were  made  for  each  instrumented  segment.  A  cylinder  was  made  from 
concrete  placed  near  each  installation.  Cylinders  were  steam  cured 
with  the  segment.  Each  test  cylinder  is  to  be  stored  with  the  segment 
until  testing.  This  will  ensure  that  the  cylinders  are  subjected  to 
the  same  atmospheric  conditions  as  the  segments.  Cylinders  should  be 
tested  to  determine  stress-strain  properties  near  the  time  at  which 
the  bridge  is  tested  for  transverse  bending. 


APPENDIX  C 
Average  Diameters  of  Instrumented  Reinforcement  Bars 
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Appendix  C 
Average  Diameters  of  Instrumented  Reinforcement  Bars 

Gage  No.  Bar  Diameter  (in.) 

Al  .590 

A2  .585 

A3  .457 

A4  .446 

A5  .459 

A6  .457 

A7  .452 

A8  .459 

AT  5  .583 

AT  6  .587 

A17  .453 

A18  ■  .451 

A19  .453 

A20  .452 

A21  .451 

.A22  .452 

Bl  .599 

B2  .586 

B3  .585 

B4  .594 
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Gage  No. 

B5 

B6 

Bll 

B12 

B13 

B14 

B15 

B16 

CI 

C2 

C3 

C4 

C5 

C6 

cn 

C12 

C13 

C14 

C15 

C16 

Dl 

D2 

D3 

D4 

Bar  Diameter  (in. ) 
.585 
.585 
.585 
.588 
.591 
.592 
.593 
.589 

.582 
.589 
.591 
.587 
.590 
.586 
.589 
.587 
.591 
.591 
.593 
.590 

.584 
.589 
.456 
.455 
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Gage  No. 
D5 
D6 
D7 
D8 
D15 
D16 
D17 
D18 
D19 
D20 
D21 
D22 


Bar  Diameter  (in. ) 
.462 
.460 
.456 
.455 
.586 
.589 
.451 
.451 
.453 
.452 
.451 
.450 


APPENDIX  D 
Bridge  Plans  and  Details  of  Instrument  Location 
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ERECTION   PROCEDURE 

iistoil  the  cradle  on  the  Nor  In  pier  shaft  and  place  jocks  at  eoch  cornar  as  show* 
Place  the  pur  Segment  t  Seqmenl  #1 )  and  insert  (but  do  not  tighten)  the  he  down  bolts 
Adjust  horizontal  and  vertical  alignment  using  jacks  ond  then  lighten  tit  dawn  bolts. 

Erect  Segment  2  usma  temporory  prtstrtssmq,  ond  then  erect  Segment  3  using 

temporary  prestressina,. 

Insert  Tendons  101A  4  '0t6  ond  post  "tension  as  required,  then  rtmove  temporary 
preatreSSing. 

Ie  necessary,  loosen  he  down  bolts  and  use  Jacks  to  adjust  horizontal  ond 
vertical  alignment  Be  Sure  to  relight  en  tie-  down  bolts  after  adjustment. 

Install  and  dry  pack  permonent  pier  bearing  pods, then  tronsfer  load  to  permanent 
beanngs  by  removing  jacks.  Retighten  tie  -down  bolts  if  necessary. 

Place  struts  under  Segments  2.  4  3  as  Shown.  Set  struts  tight  aginst  bottom  of 
Segments  and  dry  ■  pock  or  shim  ot  footing  OS  required. 

Erect  segments  4  thru  £7  in  numerical  order  ond  post  tension  tendons  K)2  A  thru 
113  as  required   Periodically  check  and  adjust  olignment  using  wire  fabric  in 
joints  between  segments  See  the  Special  Provisions  for  more  explicit  details 
about  checking  ond  adjusting  alignment 

Place  the  temporary  support  structures  as  shown  under  segments  2b  «  27  Take 
care  to  install  the  bearing  assemblies  in  Such  o  manner  as  to  prevent  eicessiv* 
tipping  of  the  Superstructure  when  the  Struts  and  crodle  are  removed  (Step  It) 
butto  still  allow  adjustment  of  the  horizontal  ond  vertical  alignment  (Step  12). 

Remove  the  tie  down  bolts,  Cradle  assembly,  ond  struts  from  the  pier. 

Check  horizontal  and  vertical  alignment  and  adjust  if  necessary. These 
adjustments  must  use  the  pier  bearings  as  a  pivot  point.  If  one  end  of  the 
Cantilever  is  raised  the  other  must  be  free  to  move  downward,  if  one  end  is 
rotated  northward  the  other  must  be  Free  to  move  Southward.  After  this  paint 
no  adjustment  to  the  alignment  of  the  entire  Superstructure  is  possibleA  and 
oil  future  adjustments  must  be  mode  os  outlined  in  step  9  and  The  Special 
Provisions.  After  adjustment  make  Sure  all  temporary  Support  bearings  or* 
Set  tight  against  Segments. 

Erecl  segments  2ft  thru  41  in  numerical  order  ond  posltension  tendons  201  thru 
203  as  required.  Check  alignment  ond  adjust  if  necessary,as  outlined  in  step  S 
and  the  Special  Provisions' 

Install  and  dry-  pack  the  permonenl  bearings  at  the  abutments, 
nstall  and  post-tension  tendons  501  ond  309- 
Remove  the  temporary  Support  Structures. 
Install  and  post  tension  tendons  303  ond  304 

Pfpeat  Steps  '  thru  17  for  the_South  half  of  the  structure  (may  be  done" 

concurrent  with  North  half  i?  desiredj 

Construct  the  curb*  and  center  joint  The  curbs  must  be  placed  prior  to  ©tin 
conjunction  with  the  center  joinl   AM  construction  loads  must  bt  reiftwrtd  fflMI 
the  structure  before  initial  Set  of  the  concrete  occurs.  If  it  is  not  poe$rbfe  ta 


location  of  jacking 
frame  in  Seg^.fo  Of  27  to 
be  determined  by  the 
Contractor  ond  approved 
by  the  Engineer. 


pour  an  entire  curb  or  the  center  joinl  before  initial  Set  ecaun3»Th*ni.._ 
construction  will  be  broken  into  stroll  enough  pours  to  moJktt  this  possible.  If 
Smaller  pours  are  used  the  pourinq  sequence  wilt  be  arranged  SO  mat  the 
portion  over  the  pier  will  be  pourer/lost. 

Erection  procedure  is  Suggested  method.  Contractor  shall  Submit  erection 
plan  to  the  engineer  for  approval  prior  to  fabrication  of  the  atygMf;  vOTrtiTntitft| 
Showinq  design  of  members  Sholl  be  included  in' order  mot  the  Cna^ear  con    \ 

check  fhe  procedure  and  equipment  lobe  used. 
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ERECTION  PROCEDURE 

■■',•■■:'••<.•  cradle  on  Ihe  No'lhO't'  shaft  qndplocejocks  at  inh  come*  osshow 
Place  Ihe  pier  segment  (Segment 'I)  and  instil  (bul  do  not  lighten)  the  tit  down  both 
Adjust  horizontal  and  vertical  alignment  using  jacks  and  then  lighten  hcdownbolls 
Erect  Segment  1  using  temporary  pre  sir  issmg.onri  then  erect  segment  J  using 
temporary  prestressmg 
Insert  Tendons  I0IA  t'OIQ  and 
pre  stressing, 

'  '  icessary .   vic-  Ik    dawn  balls  and  use  jacks  lo  adjust  horieontal  ond 
vertical  alignment   Be  3u'«  toreligMjn  tie  down  bolls  ofler  adjustment. 
Install  and  dry  pack  permonenl  pier  bearing  pads, then  transfer  load  lo permanent 
bearings  by  remo.mg  jacks  flelighlen  tie    down  bollt  if  necessary. 
Place  struts  under  segments  1  «  3  as  shown.  Sat  struts  tight  aginst  ballom  of 
Segments  and  dry   pack  or  shim  ol  Tooling  as  required. 

_)t  order  and  post-lension  tendons  Kfl A  thru 
Ml  as  required    Periodically  check  and  adjust  alignment  using  wire  roblie  m 
joints  between  Stqmintt  See  the  Special  Provisions  For  mart  explicit  details 
about  checking  and  adjusting  alignment 

Place  the  temporary  Support  structures  OS  Shown  under  segments  lb  1 27  Tokt 
cart  to  install  Ihe  bearing  assemblies  in  Such  a  manner  as  to  prevent  excessive 
lipping  of  Ihe  Superstructure  when  Ihe  Slrulj  and  cradle  ore  removed  (5l*p  II) 
butlo  Slill  allow  adjustment  of  Ihe  horizontal  and  vertical  alignment  (Step  IS). 
Remove  Ihe  tie  down  bolls. Cradle  assembly,  and  Struts  from  the  pitr 
Check  horiEonlal  and  vertical  alignment  and  adjust  >F  necessary  These 
adjustments  must  use  Ihe  pier  bearings  as  a  pivol  point.  If  one  end  of  I** 
cantilever  is  ro'Sed  Ihe  other  must  be  Free  lo  move  downward,  iF  one  end  is 
rotated  northward  Ihe  other  must  be  Free  lo  move  Southward    AFIer  this  point 

no  adjustment  loth .   .   . 

all  fulure  adjuslmenls  must  be  made  as  outlined  in  Slip  9  a 
"        lions  AFfer  adjustment  make  Sure  all  temporary  Supp 


.,...,■....,  .  .  ....  ,.  necessary l  as  outlined  m  step  S 

and  Ihe  Speciol  Provisions' 

Install  and  dry- pock  Ihe  pjrmonent  bearings  ol  Ihe  abutments. 

Install  and  post- tension  tendons  101  and  JO?. 

the  temporary  support  Structures. 
Install  and  posl  tension  lendans  303  and  304  - 
R?t*sl3t»PSllhrul7Fsr  (he  South  halF  of  the  structure  {may  be  done 
concurrent  wilh  North  halF  ir  desired) . 
Construct  Ihl  curb!  ond  Center  joint  The  curbs  rr 
conjunction  with  Ihe  center  lOini  All  construction 
the  "structure  beFore  initio!  Set  of  Ihe  concrete  oci_._. 
pour  an  entire  curb  or  Ihe  center  joiril  before  initial  %t\  occuro.tt»Tirr„ 
construction  will  be  broken  into  3ma.il  enough  pours  to  moke  trtiapoMifclo  If 
are  used  Ihe  poun'nq  Sequence  will  be  arranged  So  mot  ttvt 
:  pier  willbe  pourediqsl 

Erection  procedure  is  Suqqesled  method.  Contractor  shall  submit  trtction 
plan  lo  the  Engineer  for  afJtf'Qvat  prior  lo  fabrication  of  the  SeamnrjXofcwMie^ 
Showing  design  aF  members  shall  be  included  in' order  thai  the  Cnepnte*  ton    ' 


CONSTRUCTION    DETAILS 

INDIANA   STATE  IIHWAY   CHMKSSWI 
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Figure  D2.     Segment  2  and  3  Details 
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GENERAL  NOTES 


o 
■7 


o 


-  r- 


Mild  sleel  remforcingloba  qrode  toO  (bee  Special  Provisions  for  us*  of 

other  Ihon  grade  feO  steel  ) 
AH  eiposed  corners, e»cepljoml  foces.sholl  be  chomfered  3'4   or  rounded 
to  3/4'rodius 
All  post  tensioning  ducts  to  be  lied  lo  the  reinforcing  steel  lo  insure  Ihot 

prcper  oliqnmenT  is  mamloir.ed  during  placemen!  of  concrete 
Mild  sleel  reinforcing  m  precost  units  is  Subject  to  adjustments  to  provide 

clearances  to  the  posWensioning  ducts  and  anchorages 
lifting  devices  for  lifting  and  ereclmg  precost  segments  must  be  guaranteed 

by  'he  segment  manufacturer  and  approved  by  the  Engineer  onine  shop 

dniwingj 
Reinforcing  sleel  covering  shall  be  I  "i.  inches  in  lop  of  deck  ond  1  inch  in 

all  other  faces 
Outside  verhcol  foce  of  precast  seament  lo  be  given  iniliol  rub  in  plant  by  the 

manufacturer  ond  final  rub  In  fielrfby  Ihe  conlroctar. 


Remf  detail  on 
Coping  edge 


Q 

'    ^  Mondhng  strength 

3eg  I  3500  p  s  i 

L&g  2.3         3500  ps  i 
3eg  4  9.1        3500  p  s  ■ 


CONCRETE   STREMIHS 

Strength  ot  time 
26  doy  strength  of  post  tensioning 

feOOO  psi  feOOOo  s> 

5500  p 1 1  5500  p  s  i 

5000  psi  5000  p  s  i 


4to 


o 


Note    Telephone  conduit  honger  ossemblies  sholl  be  cost  in  lop  slab 

See  Drug  Co. 
Note   Roodwoy  Dram  Type  SQA  sholl  be  cosl  in  segments  b  and  T 

See  Drwg  C?  for  locotion 
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Figure  D3.     Segmenl 
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GENERAL  .(>|OTES 


r  than  grod« 

All  gtpojfd  tor-o-"  e*ctpl  ■?■<■•  facts, Sholl b«  chomftrad  3'4'or  round«d 

lo3/4'rodi'uS 

All  pail   tcnjianina  duds  lp  b«  lild  lolh«  riinfoiciiya Jlltll  lo  insu'tlhal 

,:■;;  =  -   i     j--<-'  is  rna.riiO  -  id  du'iftq  ploe*mtril  M  COncrilt 
Mild  sle«   rt.nforcina,  in  prtcosl  units  3  subjad  lo  odjuslmtnls  to  prowdi 

clcarancca  lo  (he  posl  Itnaioiung  duels  and  oneVioraqiS 
Liflinq  devicts  For  liflmq  and  trtttinq  prtcast  3«qm»nla  musl  bt  nuwanltad 

by  'f\*  Jiam«nl  manufqclurtr  ond  appro*«d  by  l>t  Lnginitr  oolht  Shop 

dfuvmgS 
ftunforcina  slttl  connng  shall  bf  I '"-  incho  m  lop  rf  deck  ond  t  inch  in 

all  alh«r  foco 

"     •■  it  vertical  foci  of  pricast  3«qm(nl  lo  ba  jm»  inilial  rub  in  plant  txj  Iht 
monulaclurir  and  final  rub  in  RtWoy  Iht  controclor 
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CONCRETE    STRENGTHS 


Handling  V '  ■  )'■  26  day  sltinglh  of  poll  ttnsioftirva, 

3eg  I               35O0  p  s  i  toOOO  p.».i.               6O00  p  s  i 

3cg  2.3         3500  pa.  »           MOO  ptj                8500 p s  i 

3«o  4-1\        3500  p  s  i  5000   p  s  i.               5000  p  i  i 


Noli    Tiltphani  conduit  honqtr  ossirrWus  Shall  bt  cast  .n  lap  slab 

SwOrwg.C? 
Note   Roadway  Dra.n  Tupt  SQ-A  shall  bt  casl  in  sigromls  b  ond  7 

Set  Orwo,  C  J  forlocohon 
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Figure  D3.     Segments  24  and  25  Details 
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Marks  409  and  411 
replaced  by  wire 
mesh.  Consult 
fabricators  shop 
drawings  for  details. 


MAW<_ 


508 


Figure  D4.  Detail  A 
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